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ABSTRACT The immunogenicity of gp41-stabilized HIV-1 BG505 envelope (Env) trimers
and nanoparticles (NPs) was recently assessed in mice and rabbits. Here, we combined Env-
specific B-cell sorting and repertoire sequencing to identify neutralizing antibodies (NAbs)
from immunized animals. A panel of mouse NAbs was isolated from mice immunized with
a 60-meric 13-01 NP presenting 20 stabilized trimers. Three mouse NAbs potently neutral-
ized BG505.T332N by recognizing a glycan epitope centered in the C3/V4 region on BG505
Env, as revealed by electron microscopy (EM), X-ray crystallography, and epitope mapping.
A set of rabbit NAbs was isolated from rabbits immunized with a soluble trimer and a 24-
meric ferritin NP presenting 8 trimers. Neutralization assays against BG505.T332N variants
confirmed that potent rabbit NAbs targeted previously described glycan holes on BG505
Env and accounted for a significant portion of the autologous NAb response in both the
trimer and ferritin NP groups. Last, we examined NAb responses that were induced by non-
BG505 Env immunogens. We determined a 3.4-A-resolution crystal structure for the clade C
transmitted/founder (T/F) Du172.17 Env with a redesigned heptad repeat 1 (HR1) bend in
gp41. This clade C Env, in a soluble trimer form and in a multivalent form with 8 trimers
attached to ferritin NP, and the gp41-stabilized clade A Q482-d12 Env trimer elicited distinct
NAb responses in rabbits, with notable differences in neutralization breadth. Although elicit-
ing a broad NAb response remains a major challenge, our study provides valuable informa-
tion on an HIV-1 vaccine design strategy that combines gp41 stabilization and NP display.

IMPORTANCE Self-assembling protein nanoparticles (NPs) presenting BG505 envelope (Env)
trimers can elicit tier 2 HIV-1-neutralizing antibody (NAb) responses more effectively than
soluble trimers. In the present study, monoclonal NAbs were isolated from previously immu-
nized mice and rabbits for structural and functional analyses, which revealed that potent
mouse NAbs recognize the C3/V4 region and small NP-elicited rabbit NAbs primarily target
known glycan holes on BG505 Env. This study validates the gp41 stabilization strategy for
HIV-1 Env vaccine design and highlights the challenge in eliciting a broad NAb response.

KEYWORDS envelope trimer, glycan holes, gp41 stabilization, HIV-1 vaccine design,
nanoparticle, neutralizing antibodies

he envelope glycoprotein (Env) on HIV-1 virions mediates cell entry and is the target of
broadly neutralizing antibodies (bNAbs) (1). Diverse bNAb families have been identified
from HIV-1-infected individuals. The structural characterization of these human bNAbs in
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complex with Env proteins has defined multiple sites of HIV-1 vulnerability, including the
CD4 binding site (CD4bs), quaternary V1/V2 glycan site, N332-oligomannose patch, silent
face, gp120-gp41 interface, fusion peptide (FP), and membrane-proximal external region
(MPER) (2-4). These human bNAbs often have unusual sequence characteristics that are
acquired during extensive virus-host coevolution. As a result, targets of bNAbs differ sub-
stantially from strain-specific epitopes that are recognized by autologous NAbs early in
human infection (5-8). Information about both types of antibodies and tracing them back
to their unmutated common ancestors (UCAs) and early intermediates are valuable for guid-
ing the rational design of vaccine immunogens (9-11).

Soluble native-like Env trimers have emerged as a promising platform for HIV-1 vac-
cine design (12, 13). As the leading design platform, SOSIP trimers have been created
and characterized for diverse HIV-1 strains and subtypes (14-17), followed by native
flexibly linked (NFL) (18) and uncleaved prefusion optimized (UFO) trimers (19). High-
resolution Env structures, determined by X-ray crystallography and cryo-electron mi-
croscopy (cryo-EM), have provided a rational basis for improving trimer design (20-23).
Mutations intended to increase Env stability and immunogenicity have been exten-
sively tested on the basis of SOSIP and NFL trimers (24-36), whereas the main focus in
the development of UFO trimers has been to reduce Env metastability. The N terminus
of heptad repeat 1 (HR1,, residues 547 to 569) was identified as a major cause of Env
metastability, leading to the design of cleaved, HR1-redesigned trimers or UFO trimers
with removal of the cleavage site between gp120 and gp41 (19). UFO-BG trimers were
derived for diverse HIV-1 Envs by replacing wild-type gp41 with BG505 gp41 of the
UFO design (37). All of these design variants can be referred to as “gp41-stabilized”
Env trimers because the modifications are within gp41. To further enhance immune
recognition, SOSIP, NFL, and UFO trimers have been displayed on nanoparticles (NPs) of a
diverse chemical nature, such as protein, lipid, and iron oxide (I0) NPs (30, 37-44). Various
animal models, including mice, rabbits, and nonhuman primates (NHPs), have been used to
assess the immunogenicity of HIV-1 Env in both soluble and particulate forms. To date, the
BG505 SOSIP trimer has failed to elicit a detectable tier 2 NAb response in wild-type mice
but generated robust nonneutralizing binding titers toward a “neoepitope” at its base (45).
However, a tier 2 NAb response was observed for a large protein NP, 13-01 60-mer, present-
ing 20 HR1-redesigned BG505 trimers (37). Using various vaccine design strategies, mouse
antibodies have been elicited to the N332-glycan supersite (nonneutralizing) (46) and fusion
peptide (weakly neutralizing but broad) (47). A germ line-targeting strategy proved to be
successful in engineered mice with knock-in genes encoding bNAbs and their precursors
(48-50). In contrast to challenges of eliciting NAb responses in mice, potent and sometimes
broad tier 2 NAb responses were reported in recent vaccine studies, in which rabbits were
immunized with diverse Env trimers and trimer-presenting NPs (17, 27-30, 35, 51-53).
However, epitope mapping indicated that specific “glycan holes” on the HIV-1 Env domi-
nated the autologous NAb response in rabbits (54-61). HIV-1 immunogens in trimeric and
particulate forms have also been assessed in NHPs, in which they were found to elicit con-
sistent autologous but sparse cross-subtype NAb responses (17, 42, 51, 52, 59, 62-65). The
C3/465 epitope was identified as a major target of NAb responses that were induced by the
BG505 SOSIP trimer in macaques (59, 66). Overall, the recognition of Env by mouse (and to
some extent macaque) NAbs is much less understood relative to rabbit NAbs. Additionally,
the effect of both HR1 and gp41 stabilization, which is the core of UFO trimer design (19,
37), on NAb elicitation and epitope targeting in wild-type animal models has not been as
well characterized as SOSIP and NFL trimers.

We previously designed gp41-stabilized trimers and NPs and assessed their NAb
responses in mice and rabbits (37). In this study, we characterized mouse and rabbit
NAbs that were induced by these immunogens in greater detail. First, we identified tier
2 mouse NAbs that were elicited by a 60-meric 13-01 NP presenting 20 HR1-redesigned
BG505 trimers. A potent NAb, M4H2K1, was identified by pairing representative heavy
and light chains obtained from the next-generation sequencing (NGS) analysis of Env-
specific splenic B cells. Two somatically related NAbs were also isolated by single B-cell
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sorting and antibody cloning. Negative-stain EM (nsEM) revealed that M4H2K1 recog-
nized the C3/V4 region of the native-like BG505 Env. The crystal structure of M4H2K1
bound to a BG505 gp120 core at 4.3-A resolution delineated key antibody interactions
with the C2/C3/V4/V5 epitope, which were confirmed in TZM-bl neutralization assays
against a panel of BG505.T332N mutant viruses. A less potent NAb, MTH2K1, from a dif-
ferent mouse (M1) was also identified, which likely targeted the same epitope. We
then performed single B-cell sorting and NGS for one rabbit immunized with an HR1-
redesigned BG505 trimer and another with a ferritin (FR) NP presenting this trimer (37).
Three selected rabbit NAbs were tested against a panel of glycan hole variants of
BG505.T332N and found to target glycan holes at 241/289 and 465. Further analyses of
plasma neutralization confirmed that these glycan holes accounted for a large portion
of the polyclonal antibody response, suggesting that FR display cannot broaden the
rabbit NAb response induced by soluble BG505 Env. Last, we determined a 3.4-A-reso-
lution crystal structure of an HR1-redesigned trimer derived from the Env of a clade C
transmitted/founder (T/F) virus, Du172.17. In rabbits, the Du172.17 trimer and FR NP
induced low titers of heterologous but not autologous NAb responses, whereas the
UFO-BG trimer of a clade A T/F Q842-d12 Env exhibited primarily a tier 1 NAb response.
Our study thus confirmed that protein NPs presenting gp41-stabilized BG505 trimers
can induce potent tier 2 NAbs in mice and rabbits, but the elicitation of a broad NAb
response remains a challenge for HIV-1 vaccine design.

RESULTS

Mouse NAbs isolated by Env-specific B-cell sorting and antibody NGS. We previ-
ously reported a tier 2 NAb response to mouse immunization with protein NPs present-
ing an HR1-redesigned BG505 trimer, termed gp140.664.R1 (37). A novel protein NP
construct with 20 gp140.664.R1 trimers attached to the 13-01 60-mer with PADRE, a 13-
amino-acid (aa) T-helper epitope (67), appeared to be most immunogenic. Here, we
further isolated and characterized tier 2 NAbs from the 13-01 group, in which two mice
(M1 and M4) developed a robust tier 2 NAb response after three injections. The HR1-
redesigned BG505 trimer probe was utilized in two strategies to assist with NAb identi-
fication from mouse splenic B cells. One strategy focused on the NGS analysis of bulk-
sorted B cells, and the other strategy involved single-cell sorting and antibody cloning
(Fig. TA). Notably, this trimer probe has been successfully used to identify early inter-
mediates of the PGT121 lineage from a phage antibody library (68) and two N332-
directed bNAbs from peripheral blood mononuclear cells (PBMCs) from an HIV-1-
infected Chinese donor (69).

We first isolated mouse NAbs through the NGS analysis of bulk-sorted Env-specific
B cells and random pairing of consensus heavy and light chains (Fig. TA). This approach
was based on the hypothesis that the small number of vaccine-induced B-cell lineages
would enable the frequency-based identification of functional antibodies. In bulk sort-
ing, 87 to 1,064 BG505 Env-specific B cells were obtained from the four mice studied
(see Fig. STA in the supplemental material). Unbiased mouse antibody heavy chain
(HC) and «-light chain (KC) libraries were constructed and sequenced on an lon S5
platform, which yielded up to 1.22 million raw reads (Fig. S1B). The antibody NGS data
were then processed using a mouse antibodyomics pipeline (70) to remove low-quality
reads (Fig. S1B). Quantitative profiles of Env-specific B-cell populations were deter-
mined for each mouse in the 13-01 NP group, revealing distinct patterns (Fig. 1B).
Diverse antibody variable (V,, and V) genes were activated in response to Env immuni-
zation with some overlap for the two mice (M1 and M4) that developed a tier 2 autolo-
gous NAD response (37). IGHV6 and IGHV1S were used by Env-specific antibodies from
both M1 and M4, in which 77% of M1 HCs were derived from IGHV11 and 70% of M4
HCs were derived from IGHV1S. The V, distribution showed overlap of usage of the
germ line genes IGKV3, IGKV4, and IGKV6. In terms of the degree of somatic hypermu-
tation (SHM), a consistent V,, distribution was observed for four mice, which peaked at
the 7 to 9% nucleotide (nt) difference from the assigned germ line genes. In contrast,
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Antibodies identified from gp140 nanoparticle-immunized mice by NGS and heavy/light pairing and by single-cell sorting 2

Chain V, family V,, identity (%) Frequency (%) HCDR1 HCDR2 HCDR3
M1H1°b IGHV11-2*02 93.2 61.5 GFSFSGFW INSDGTSI MRGFYLLGPRLT
M1H2 IGHV6-6*02 97.7 9.2 GFTISNYW TIRLKANNDAT TRPGYYGYYAMDQ
M1H3 IGHV1S53*02 95.5 26 GYTFTDRA IVPGNSDI NCYDYDDGY
M4H1 IGHV1S28*01 93.2 58.3 GYTFTNYW VYPGDGFT STPTVVPDY
M4H2 IGHV6-6*02 96.0 23.1 GITFSNSW IRLKAQNYAT TTPLGGYFDMDY
M4-Ab3H ¢ IGHV6-6*02 94.2 - GFTFSNSW IRLKVHNYAT TTPLGGYFPMDY
M4-Ab9H ¢ IGHV6-6*02 95.9 . GITFSNSW IRLKVNNYAT TTPLGGYYAVDY
Chain V, family V. identity (%) Frequency (%) KCDR1 KCDR2 KCDR3
M1K1 IGKV3-2*01 98.3 55.0 ESVDNYGISF GAS QQSKEVPYT
M1K2 IGKV6-25*01 96.8 6.6 QDVSTA WTS QQHYSTPWT
M1K3 IGKV4-55*01 96.8 2.9 SsSVSY DTS QQWSRYPET
M4K1 IGKV3-2*01 99.0 29.6 ESVDIYGISF AAS QQSKEVPWT
M4K2 IGKV4-55*01 95.8 225 SSVSY DTS QQWDPYPLT
M4K3 IGKV8-30*01 100.0 19.0 QSLLYSSNQKNY WAS QQYYSYPLT
M4-Ab3K ¢ IGKV3-2*01 97.0 - ESVDNYGVSF AAS QONKELPWT
M4-Ab9K ¢ IGKV3-2*01 97.9 - ETVDNYGISF AAS QOSKEVPWT

aMice 1-4 were immunized with an 13-01 nanoparticle presenting 20 gp41-stabilized BG505 trimers, with mice 1 and 4 showing robust neutralization of a tier-2
autologous isolate, BG505.T332N. ® M1H1 sequence does not have the “WGXG” motif and the typical “VSS” C-terminal motif, but is included for the sake of
completeness in the NGS analysis. ¢ M4-Ab3 and Ab9 were isolated from mouse 4 by antigen-specific single-cell sorting using a BG505 trimer bait.
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FIG 1 Tier 2 neutralizing antibodies isolated from gp140 nanoparticle-immunized mice. (A) Schematic representation of mouse immunization with BG505
gp140.664.R1-PADRE-I13-01 nanoparticle and antibody isolation from mouse splenic B cells using two approaches: Env-specific bulk B-cell sorting followed
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four mice exhibited significant differences in their V, SHM distributions, with M2 and
M3 showing average SHMs of 10.0% and 1.6%, respectively. In terms of complementar-
ity-determining region 3 (CDR3) length, M2 and M3 also appeared to exhibit a notable
difference from M1 and M4 by using predominantly 5-aa KCDR3 and HCDR3 loops,
respectively. Nonetheless, a CDR3-based clustering algorithm (68) was used to calcu-
late consensus sequences for major HC and KC lineages from the M1 and M4 NGS data
(Fig. 1C and Fig. S1C) because immunoglobulin G (IgG) purified from the sera of these
two mice neutralized BG505.T332N (37). Interestingly, MTH2 and M4H2, both from the
second largest sequence family, had an IGHV6-6*02 origin, whereas M1K1 and M4K1
shared the IGKV3-2*01 germ line gene (Fig. 1C). These consensus HCs and KCs were
synthesized to reconstitute antibodies for functional validation. To further enrich the
antibody pool, we performed single B-cell sorting on M4 splenic B cells using the same
trimer probe (Fig. 1A). The natively paired HCs and KCs of two monoclonal antibodies
(MAbs), M4-Ab3 and M4-Ab9, were derived from IGHV6-6*02 and IGKV3-2*01, suggesting that
they might be somatically related to M4H2 and M4K1, respectively (Fig. 1C and Fig. S1D).
Two-dimensional (2D) divergence/identity analysis (69, 71) was performed to compare the
prevalence of these mouse MADbs in the NGS-derived antibody repertoire (Fig. 1D). Using an
HCDR3 identity cutoff of 95%, 13,531, 11, and 401 sequences were related to M4H2, M4-Ab3
HC, and M4-Ab9 HC, respectively. Based on the same KCDR3 identity cutoff, 49,231, 2,012, and
44,355 sequences were somatically related to M4K1, M4-Ab3 KC, and M4-Ab9 KC, respectively.
Notably, a significant portion of somatically related HCs and KCs were identical to M4H2
(33.9%) and M4K1 (10.3%), respectively, suggesting that these two consensus sequences rep-
resent native antibody chains that are used by Env-specific B cells from M4. Altogether, a panel
of MAbs was identified from two NAb-producing mice in our previous study (37).

We further characterized the binding of these mouse MAbs to a panel of Env antigens
by enzyme-linked immunosorbent assay (ELISA) (Fig. 1E and Fig. S2A). When the BG505
UFO.664 trimer was used as a coating antigen, three MAbs from M4, including NGS-derived
M4H2K1 and single-cell-derived M4-Ab3 and M4-Ab9, and two NGS-derived MAbs from M1,
M1H2K1 and M1H3K3, bound to this native-like Env trimer with up to a 16.6-fold difference
in the half-maximal effective concentration (EC,,) value (Fig. 1E, left). Among the three M4
MADs, the two single-cell-derived MAbs bound to BG505 UFO.664 Env with 2.9- and 5.5-
fold-lower ECs, values than M4H2K1. Other NGS-derived HC-KC pairs showed low or no
trimer binding (Fig. S2A, top). We examined the epitope specificity of trimer-binding MAbs
by testing four probes that displayed Env domains or epitopes on FR 24-mer, including a
BG505 gp120-FR (41), an N332-FR termed 1GUT_A_ES-5GS-FR (70), a BG505 V1V2-FR (41),
and an FP-5GS-FR. In ELISA, all five MAbs bound to BG505 gp120-FR with comparable ECs,
values (Fig. 1E, right) but failed to show any detectable binding to the N332 supersite, V1V2
apex, or FP epitope in the context of the probes (Fig. S2A, bottom), suggesting that they
may recognize a different epitope in gp120.

We characterized the neutralizing activity of these mouse MAbs in TZM-bl assays
(Fig. 1F; Fig. S2B and Q). All trimer-binding MAbs, except M1H3K3, neutralized the autolo-
gous tier 2 BG505.T332N with up to a 63-fold difference in the half-maximal inhibitory con-
centration (ICs,) value (Fig. 1F, left). The NGS-derived MAb from M4 (M4H2K1) appeared to
be the most potent neutralizer, with an ICy, of 0.067 wg/ml, which was 2- to 5-fold higher
than for bNAbs PGT121 (0.029 g/ml) and PGT128 (0.013 wg/ml), respectively (69). In terms

FIG 1 Legend (Continued)

by next-generation sequencing (NGS) and Env-specific single B-cell sorting combined with antibody cloning. (B) Quantitative B-cell repertoire profiles
derived from the NGS analysis of Env-specific splenic B cells from four mice in the 13-01 group, including germ line gene usage, the degree of somatic
hypermutation (SHM), and CDR3 loop length. (C) Characteristics of antibody heavy and «-light chains (HC and KC) identified from the clustering analysis of
mouse NGS data and from single B-cell sorting and antibody cloning. (D) Divergence-identity analysis of murine NAbs in the context of Env-specific splenic
B cells from mouse 4 (M4). HCs and KCs are plotted as a function of sequence identity to the template and sequence divergence from putative germ line
genes. Color coding denotes sequence density. The template and sequences identified based on CDR3 identity of 95% or greater to the template are
shown as black and orange dots on the plots, with the number of related sequences labeled accordingly. The number of sequences with 100% identity to
the template is indicated in parentheses and labeled on the plot. (E) ELISA binding of mouse NAbs to the BG505 UF0.664 trimer and BG505 gp120-ferritin
(FR) nanoparticle probe with EC,, values labeled next to the binding curves. (F) Percent neutralization of mouse NAbs against autologous tier 2 clade A
BG505.TN332N and heterologous tier 1 clade B SF162 pseudoviruses with IC,, values labeled next to the neutralization curves. Five mouse NAbs including
M4H2K1 (blue), M4-Ab3 (green), M4-Ab9 (orange), MT1H2K1 (red), and M1H3K3 (purple) are shown in panels E and F.
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of potency, this mouse NAb was comparable to C3/V5-specific autologous NAbs that were
isolated from NHPs, which showed a median ICy, of 0.06 «g/ml (66). Despite stronger Env
binding, the single-cell-derived MAbs M4-Ab3 and M4-Ab9 neutralized BG505.T332N less
effectively than the NGS-derived M4H2K1, with up to 4.6-fold-higher IC, values. By compari-
son, other NGS-derived HC-KC pairs exhibited only low levels of autologous neutralization at
high IgG concentrations (Fig. S2B, top). When tested against tier 1 clade B SF162, MTH3K3
yielded an IC;, of 0.36 g/ml, whereas the other four autologous tier 2 NAbs did not exhibit
any reactivity with SF162 (Fig. 1F, right; Fig. S2B, middle). None of the mouse MAbs neutral-
ized the murine leukemia virus (MLV) Env-pseudotyped virus, except M4-Ab9, which showed
some nonspecific signals at high IgG concentrations (Fig. S2B, bottom). Last, we assessed
the neutralizing activity of these mouse MAbs against a global panel of 12 tier 2 isolates
(72). Using MLV as a negative control in TZM-bl assays, MTH3K3 from M1 but not any of the
M4 MAbs modestly neutralized two heterologous HIV-1 isolates, clade A/E pCNE8 and clade
G pX1632 (Fig. S2C).

In brief, a panel of MAbs was identified from mice immunized with an 13-01 60-mer
using a BG505 Env probe in two B-cell sorting strategies, followed by NGS and bioinfor-
matics analyses. Pairing of the prevalent HCs and KCs identified by the NGS analysis of
bulk-sorted Env-specific B cells provided an alternative to single-cell sorting, which cap-
tures MAbs in their native forms but can be technically challenging. As demonstrated
here, these two strategies can be combined to identify and characterize vaccine-induced
MADbs in the context of Env-specific B-cell repertoires. Functional evaluation confirmed
that M4H2K1 was an autologous tier 2 NAb with high potency, whereas MTH3K3 was pri-
marily a tier T NAb with some detectable heterologous tier 2 neutralizing activity. These
two murine NAbs appear to target as-yet-unidentified epitopes in gp120.

Autologous tier 2 mouse NAb M4H2K1 binds laterally to the BG505 Env trimer.
A modified BG505 SOSIP.664 trimer (RC1) on virus-like particles (VLPs) was previously
shown to expand mouse germinal center (GC) B cells that were specific to the V3 gly-
can patch (46). In a recent study, Ringe et al. reported that mice immunized with SOSIP
trimers attached to iron oxide (I0) NPs generated an autologous serum neutralizing
response to the glycan hole at position 289 (44). Here, we combined nsEM and X-ray
crystallography to elucidate the mechanism by which M4H2K1, one of the most potent
murine NAbs identified to date, interacts with HIV-1 Env.

We first performed EM to visualize where the mouse NAb M4H2K1 binds on the BG505
Env trimer. We produced the antigen-binding fragment (Fab) of M4H2K1 and incubated it
with the BG505 UFO.664 trimer to form a complex, which was then subjected to single-parti-
cle nsEM analysis (Fig. S3A). The three-dimensional (3D) reconstruction showed that the
major species of this complex was Env trimers each bound to three M4H2K1 Fabs, with
each Fab approaching the Env laterally (Fig. 2A, leftmost). After fitting a crystal structure of
unliganded BG505 SOSIP.664 (PDB ID: 4ZMJ) (73) into the EM density, M4H2K1 was found to
interact with an epitope that lies in the gp120 C3/V4 region. To determine the degree to
which the M4H2K1 epitope overlaps neighboring bNAb epitopes, EM maps containing Fabs
of four representative bNAbs, VRCO1 (74), 2G12 (75), PGT135 (76), and 8ANC195 (77), were
aligned to the M4H2K1 EM complex (Fig. 2A, right four structures). Our analysis revealed
that M4H2K1 and VRCO1 (but not other NAbs) would “clash” in their Env-bound mode as
indicated by slightly overlapping EM densities, suggesting that the M4H2K1 epitope is in
proximity to the CD4bs that is targeted by VRCO1.

We then applied X-ray crystallography to further understand the molecular interactions
of M4H2K1 with BG505 Env. To this end, we first obtained a crystal structure of M4H2K1 Fab
at 1.50-A resolution (Fig. S3B). In this structure, HCDR3 (10 aa) is sandwiched between
HCDR1 and KCDR2, while KCDR3 (9 aa) fits between KCDR1 and HCDR2 (Fig. S3B). To gain
more atomic details of the M4H2K1-Env interaction, we generated a gp120 core from the
clade A BG505 Env to complex with Fab M4H2K1 and Fab 17b (78) to aid crystallization. A
crystal structure of this complex was determined at 4.30-A resolution in an orthorhombic
(P2,2,2) crystal lattice. The structure showed that M4H2K1 Fab bound to the BG505 gp120
core by targeting the C2/C3/V4/V5 region (Fig. 2B and D). We then superimposed the
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FIG 2 Structural epitope mapping of M4H2K1 on HIV-1 Env. (A) Three-dimensional (3D) EM reconstruction of M4H2K1 Fab/BG505 UFO.664 complex. The
crystal structure of BG505 SOSIP.664 trimer (PDB ID: 4ZMJ) is docked into the EM trimer density and displayed in blue ribbons, with the potential M4H2K1
epitope color coded on the Env trimer structure (C3, yellow; V4, magenta; V5, green). Glycan moieties are shown as sticks. A closeup view of the epitope

(Continued on next page)
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M4H2K1 Fab-gp120 core complex onto a protomer of the BG505 SOSIP.664 trimer (PDB ID:
5CEZ) (79), which defined the orientation of M4H2K1 Fab HC and KC relative to BG505 Env
in the lateral binding mode (Fig. 2C). The extended HCDR2 (19 aa) and KCDR1 (15 aa)
engage the trimer in a pincer-like grasp (magenta and cyan loops in Fig. 2C). A total of 865
A2 of the Fab is buried on the BG505 gp120 core surface, where HC and KC contribute to
70% and 30% of the Fab-buried surface area (BSA), respectively (Fig. 2D and Fig. S3C). The
tip of the HCDR2 loop is deeply buried (348 A?) inside the pocket formed by multiple parts
of C2/C3/V5 (Fig. 2D and Fig. S3C) and makes most contact with Env, followed by KCDR1
with the next largest BSA of 193 A2 Additionally, the other CDRs (BSA; H3, 117 A% H1, 130
A2 13, 67 A2) and HC framework region 1 (BSA; HFR1, 9 A2?) are buried in the gp120 core sur-
face except for KCDR2, which has no BSA (Fig. S3C). This analysis highlighted the importance
of a long HCDR2 (19 aa) for anchoring M4H2K1 Fab to Env in a lateral orientation. Despite
only moderate resolution, interactions at the interface of the BG505 gp120 core and
M4H2K1 Fab were observed with little ambiguity. A hydrogen bond network at the interface
appears to be formed by HCDR1 (N31), HCDR2 (R52), and HCDR3 (Y105) in M4H2K1 Fab and
T278, R350, K351, N356, S460, T461, N462, and S463 in the BG505 gp120 core (Fig. 2E). To
identify the regions involved in steric clashes between M4H2K1 and VRCO1 Fabs upon EM
fitting (Fig. 2A, panel 2 to the left), we superimposed the crystal structure of the M4H2K1
Fab-BG505 gp120 core complex onto the VRCO1-bound BG505 F14 SOSIP trimer (PDB ID:
6V8X) (80). Overlap between the 19-aa-long HCDR2 loop of M4H2K1 Fab and LCDR1 of
VRCO1 Fab suggested competition between M4H2K1 and VRCO1-class bNAbs for Env bind-
ing (Fig. S3D). Because of similar steric hindrance, IOMA-class bNAbs that target the CD4bs
(81) could also compete with M4H2K1 for Env binding.

In a recent study, a group of NAbs was isolated from guinea pigs immunized with a
BG505 SOSIP.664 trimer (82). Of these NAbs, CP506 Fab targeted the C3/V4 region of
HIV-1 Env and neutralized BG505.T332N with an IC;, of 0.1 ug/ml. To compare the
angles of approach between M4H2K1 and CP506 Fabs, we first constructed a model of
the M4H2K1 Fab-bound BG505 Env trimer by superimposing our crystal structure of
the M4H2K1 Fab-BG505 gp120 core complex onto the BG505 SOSIP.664 trimer (PDB
ID: 4TVP) (83). We then docked this model into the 3D reconstruction of the CP506
Fab-BG505 SOSIP.664 trimer complex that was derived from the nsEM analysis (EMD-
9003). A slight variation in the angle of approach was observed (Fig. S3E). Compared
with CP506, which has a 16-aa HCDR2 and 8-aa HCDR3, M4H2K1 utilizes longer HCDR2
(19-aa) and HCDR3 (10-aa) to recognize HIV-1 Env. The crystal structure (Fig. 2B) sug-
gests that glycans at N276, N339, N355, N363, and N462 and amino acids 1396 and
S463 (Fig. 2D and E) may be involved in BG505 Env recognition by M4H2K1. Glycans
N234 and N386 point sideways with no direct contact with M4H2K1. To verify these
interactions, we created nine BG505.T332N variants (N276A, N339A, N355A, N363A,
N462A, 1396R, and S463R, along with N392A and N398A, which are in proximity to the
binding site) and tested their neutralization by four of the newly identified mouse
NAbs (Fig. 2F). Glycan knockouts (KOs) at positions 276, 339, 392, and 398 and the
S463R mutation exhibited only a negligible to modest effect, whereas glycan KOs at
N355A, N363A, and N462A and the 1396R mutation significantly reduced or completely
abrogated neutralization by mouse NAbs (Fig. 2F). These findings suggest that glycans
at N355 and N363, the contribution by a glycan positioned at N462, and 1396 are criti-
cal for the M4H2K1-Env interaction. In contrast, glycans at N339, N363, and N392 were

FIG 2 Legend (Continued)

definition derived from the EM analysis can be found in Fig. S3A (left). Comparisons of the mode of M4H2K1 Fab binding to BG505 UFO.664 trimer with
four bNAbs: VRCO1 (red; EMD-6252), 2G12 (purple; EMD-5982), PGT135 (cyan; EMD-2331), and 8ANC195 (orange; EMD-2625). (B) Crystal structure of BG505
gp120 core (pink) in complex with Fabs 17b (yellow) and M4H2K1 at 4.3-A resolution. (C) Side view of the crystal structure of the M4H2K1 Fab-BG505
gp120 core (light pink) complex superimposed onto one protomer of BG505 gp140 (gray) (PDB ID: 5CEZ). The M4H2K1 Fab is shown with the HCDR loops
labeled and colored (H1, orange; H2, pink; H3, yellow) and LCDR loops (L1, cyan; L2, blue; L3, green). (D) Epitope of M4H2K1 Fab mapped onto the BG505
gp120 core shown in surface representation and defined as two residues containing an atom within 4.0 A of each other (C2, green; C3, brown; V4, cyan; V5,
pink). The M4H2K1 Fab is shown with HCDR and LCDR loops labeled and colored accordingly. (E) (Left) Hydrogen bonds are shown between HCDR loops
(H3, yellow; H2, pink; H1, orange) and the gp120 core (C3, brown; V5, pink). (Right) Table listing residues involved in hydrogen-bond (HB) interaction with
distances measured in A. (F) Percent neutralization of mouse NAbs against nine BG505 mutant pseudoviruses with ICy, values labeled next to the
neutralization curves. NAbs M4H2K1 (blue), M4-Ab3 (green), M4-Ab9 (orange), and MTH2K1 (red) are shown.
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shown to be critical for Env recognition by CP506 (82). Last, we examined the conserva-
tion of three critical residues (N355, N363, and 1396) in 6,966 HIV-1 Env sequences (www.hiv
Jlanl.gov/). A large proportion of isolates contain an NXT/S sequon at N355 (~80%) and N462
(~42%), similar to BG505, whereas positions 363 and 396 are less conserved in group M iso-
lates (9% are Asn and 4.5% are lle, respectively), leading to the autologous nature of NAb
M4H2K1.

In summary, our structural analysis identified a critical epitope on BG505 Env that can
be recognized by potent murine NAbs, and this was exemplified by M4H2K1. Compared
with CP506, a guinea pig NAb that targets C3/V4 (82), M4H2K1 achieves higher potency
by interacting with an expanded Env surface area that spans C2/C3/V4/V5. A less potent
NAb, M1H2K1, was found from another mouse and exhibited similar sensitivity to a panel
of BG505.T332N variants in the TZM-bl neutralization assays (Fig. 2F), suggesting that this
NAb may recognize a similar epitope to M4H2K1, albeit with differential effects of muta-
tions at N363, N392, and S463. Another NAb from M1, M1H3K3, neutralized heterologous
strains but not autologous BG505.T332N. Because of the lack of structural data, we cannot
exclude the possibility that the cross-neutralizing activity of MTH3K3 was caused by the
random pairing of HCs and KCs. Therefore, the NP vaccine-induced mouse bNAbs may
warrant further investigation in future studies.

Stabilized BG505 trimer and FR NP elicit glycan hole NAbs in rabbits. Extensive
studies of native-like trimers, particularly with the BG505 backbone, have revealed that
the autologous NAb response in rabbits is mainly directed to “glycan holes” (54-61).
Strategies that were intended to broaden the autologous NAb response in rabbit im-
munization with mixed SOSIP.664 trimers of two different clades and with the immune
complex of a BG505 SOSIP.664 trimer and glycan hole MAb proved ineffective (84, 85).
We previously immunized two groups of rabbits with an HR1-redesigned BG505 trimer
(gp140.664.R1) and an FR NP displaying eight copies of this trimer (37). The gp140.664.
R1-FR NP elicited a more rapid autologous tier 2 NAb response than the soluble trimer.
Here, we isolated NAbs from these rabbits by combining single-cell sorting and NGS
(Fig. 3A), similar to the mouse analysis (Fig. 1A). The characterization of these NAbs
may provide additional insights into the effects of NP display, albeit using the smaller
24-meric FR NP, on the NAb response induced by Env immunization in rabbits.

We first assessed rabbit plasma at the last time point (week 30) against autologous tier 2
clade A BG505.T332N, tier 1 clade B SF162, and a global panel of 12 diverse isolates, with
MLV included as a negative control (Fig. 3B). Half-maximal inhibitory dilution (IDs,) values
were calculated from percent neutralization upon fitting (Fig. S4). Consistent with our previ-
ous findings (37), the FR NP, BG5050 gp140.664.R1-FR, elicited a more potent autologous
tier 2 NAb response than the soluble trimer, BG505 gp140.664.R1, with IDs, values of 222 to
783 for three of four rabbits, whereas only one of four rabbits in the trimer group yielded a
detectable 1Dy, value (192) using a 100-fold starting dilution. Week 30 plasma from both
groups neutralized clade A p398F1, whereas the trimer group had a more consistent pattern
of neutralization, albeit very weak, against a clade A/E recombinant strain (pCNE8) using a
40-fold starting dilution. Week 30 rabbit plasma potently neutralized tier 1 clade B SF162,
without nonspecific MLV reactivity. As another control, preimmunization samples (—day 10)
were tested against the global panel in TZM-bl assays, which exhibited a clean background
with no preexisting anti-HIV-1 activity (Fig. S4).

Based on sample availability, we selected rabbit 35 (RB35) from the soluble trimer
group and RB63 from the FR NP group for antibody isolation. Using the biotinylated
Avi-tagged HR1-redesigned BG505 trimer probe (68, 69), we isolated Env-specific single
B cells from PBMCs. A panel of rabbit MAbs was reconstituted from cloned HCs and
KCs using a previously reported protocol (55), producing 34 and 55 HC-KC pairs for
RB35 and RB63, respectively (Fig. S5A). Rapid functional screening based on antibody yield
and BG505.T332N neutralization resulted in three hits, one from RB35 and two from RB63
(Fig. S5A). Sequence analysis revealed diverse germ line gene usage (Fig. S5B). RB35-1B11 is
derived from IGHV1545*01 and IGKV1536*01, and RB63-1E7 and RB63-4B5 use the same HC
germ line gene (IGHV1540*01). Their KCs have an IGKV1S10*01 and IGKV1515*01 origin,

May/June 2021 Volume 12 Issue3 e00429-21

mBio’

mbio.asm.org 9


http://www.hiv.lanl.gov/
http://www.hiv.lanl.gov/
https://mbio.asm.org

Kumar et al.

A

N

mBio’

HR1-redesigned BG505 Env | wo Memary Antibody cloning
(BG505 gp140.664.R1) o . 3 é
5 Y N Slngrecell
W~ Lo g . VXV
~ ) 2 @ zge 6%
Ferritin (FR) NP presenting % X w20 b Env-specific
8 gp140.664.R1 trimers L B cells Profiles
9 O4--"wes Env 1 | 1 I I
W30 Antibodyomics
Rabbit Week 30 rabbit plasma neutralization against 15 viruses (IDso, fold of dilution)
Group # D MLV SF162 BG505 TRO11 | 25710 | 398F1 CNES8 X2278 |BJOX2000[ X1632 CE1176 246F3 CH119 | CE0217 | CNE55
Control B A B C A CRF01_AE B CRF07_BC G C AC recomb | CRF07_BC C CRF01_AE
41: BGSO 34 | <40.00 | 1795.00 | <100.00 | <40.00 198.70 | 172.30 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00
'140 662 35 <40.00 | 2451.00 | 192.30 <40.00 <40.00 92.72 68.44 <40.00 <40.00 <40.00 <40.00 <40.00 <40.00 <40.00 <40.00
P R 36 | <40.00 | 1406.00 | <100.00 | <40.00 | <40.00 | 73.43 99.53 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00
) 37 <40.00 | 1559.00 | <100.00 | <40.00 <40.00 59.40 74.43 <40.00 <40.00 <40.00 <40.00 <40.00 <40.00 <40.00 <40.00
L. BG50 62 | <40.00 <100.00 | <40.00 | <40.00 | 280.70 <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00
'140 662 63 <40.00 | 1083.00 | 264.20 <40.00 141.70 <40.00 <40.00 <40.00 <40.00 <40.00 <40.00 <40.00
ngH.:R 64 <40.00 | 452.30 222.50 <40.00 <40.00 80.99 <40.00 <40.00 <40.00 <40.00 <40.00 <40.00 <40.00
) 65 | <40.00 [ 12488001 783.40 | <40.00 | <40.00 | 11350 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00
5 BG505 UFO.664 BG505 gp120-FR BG505.T332N SF162
6 i 25 100
3.0+ £ 100 100
255 g 807 80-
3204 - RB35-1B11 = 60 604 - RB35-1B11
a 454 N 1C50
o =5 40 40 ]
1.0 £ 50
0.5 g 20
0.0p=F—— = z 0 0 T T
5 4 3 -2 5 4 3 -2 1 20 _20- 2 A 1
LogsoAb (ug/mi) LogyoAb (ug/ml)
BG505 UFO.664  _ BGS505 gp120-FR BG505.T332N SF162
o ~ 100 100
3.0- f’ o= X
2.5 ~ 80 80
= RB63-1E7 < = RB63-1E7
2.0 S 60+ 60+ 1C50
154 EC50 -+ RB63-4B5 § 404 1C50 | 404 0 -+ RB63-4B5
= = 2.6E-1 5.0
£ 20 + 22E2| 20 mate
: § o— o——‘?‘tewéﬁ—.
54321012 54321012 204 2 1 0 1 50 20+ 0
Logo Ab (ug/ml) Logyo Ab (ug/ml)
Ton RB35-1B11 RB63-1E7 RB63-4B5 I RB35-1B11 100 RB63-1E7 RB63-4B5
3 %0 90 90| g hot 5 o0 A5 90 196 J1oe
= 80 80 80, 100 >, 80 80 103
'g 70 70 70 I102 g 70 70 |1oz
[}
T 60 60 60 | T 60 60 {10
&) @]
T 50 50 50 < 50 50
%0 20 30 204 10 20 30 40 ‘% 10 20 30 40 10 20 30 4% 10 20 30 40
Germline Vy, divergence (%) + SEQ-ID (CDR3) > 95% Germline Vy divergence (%)
SEQ-ID (CDR3) > 90%
E BG505.T332N glycan hole mutants
Q130N S241N T465N
- 100 100 |c50
< 8o 804 = 2561 -o-RB35-1B11
S e0 60] = 258" = RB63-1E7
N 40 40 -+ RB63-4B5
S
-]
()
z

n

LogsoAb (ug/ml)

%neutralization of rabbit plasma against BG505.T332N glycan hole mutants 2

Group # #1: BG505 gp140.664.R1 #2: BG505 gp140.664.R1-FR
RB ID 34 35 36 37 62 | 63 | 64 65
BG505.T332N 46.03 79.64 97.60

54.09

a Color coding indicates percent reduction with respect to the % neutralization value obtained for BG505.T332N,
<25% (green), 25-50% (yellow), 50-75% (orange) and >75% (red).

FIG 3 Tier 2 neutralizing antibodies isolated from rabbits immunized with HR1-redesigned BG505 gp140 trimer and its ferritin nanoparticle. (A) Schematic
representation of rabbit immunization with the BG505-gp140.664.R1 trimer and ferritin (FR) nanoparticle and antibody isolation from rabbit PBMCs by Env-specific
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respectively. In the ELISA, the three rabbit NAbs were tested against the BG505 UFO.664
trimer (19) and four epitope probes, including a BG505 gp120-FR (41), an N332-I13-01 NP
termed 1GUT_A_ES-13-01 (37), a trimeric scaffold (PDB ID: 1TDO0) presenting ZM109 V1V2
(termed ZM109 V1V2-5GS-1TD0), and an FP scaffold (termed FP-5GS-1TDO0). All three rabbit
NAbs showed high affinity for the trimer and gp120 probes (Fig. 3C, left) but no detectable
binding to the N332, V1V2, and FP probes (Fig. S5C), suggesting that they recognize other
epitopes in gp120 of BG505 Env. All three NAbs neutralized the autologous tier 2 clade A
BG505.T332N but not the tier 1 clade B SF162 or negative control, MLV (Fig. 3C, right;
Fig. S5D). Notably, the most potent rabbit NAb, RB63-4B5, yielded an IC, of 0.022 ug/ml,
which was ~3-fold and 5-fold lower than the IC5, of mouse NAb M4H2K1 and the previously
identified glycan hole NAbs (55), respectively. Last, all three rabbit NAbs showed negligible
neutralization against the 12-virus global panel (Fig. S5E). Six non-NAbs, three from each rab-
bit, were confirmed to be nonreactive with BG505.T332N in the TZM-bl assays (Fig. S5F).

To examine B-cell lineages associated with these three NAbs, we applied NGS to analyze
Env-specific B cells from RB35 and RB63. Using the HR1-redesigned trimer probe, we sorted
363 and 370 Env-specific B cells from RB35 and RB63, respectively (Fig. S6A). Unbiased rabbit
antibody HC and KC libraries were constructed for sequencing on the lon S5 platform using
a 5’-rapid amplification of cDNA reads (RACE) PCR protocol (86). NGS produced ~1.1 and
1.9 million raw reads for RB35 and RB63, respectively, providing sufficient coverage for both
HC and KC repertoires after processing using a rabbit antibodyomics pipeline (Fig. S6B). B-
cell repertoire profiles revealed the focused HC germ line gene usage of IGHV1540 (>22%),
IGHV1545 (>46%), and IGHV1547 (>6%), accompanied by a broader and more diverse dis-
tribution of KC germ line genes (Fig. S6C). Notably, RB63, which was immunized with a
BG505 gp140.664.R1-FR NP, showed a higher degree of SHM for KCs than RB35, which was
immunized with a soluble BG505 trimer (Fig. S6C). Additionally, RB63 appeared to generate
a large percentage (~50%) of the B-cell lineage with a much longer (22-aa) HCDR3 loop
(Fig. S6C). We then investigated the lineage prevalence of three potent rabbit NAbs and four
non-NAbs (two per rabbit) within the NGS-derived repertoires (Fig. 3D and Fig. S6D). Using a
CDR3 identity cutoff of 95% (90% for RB63-4B5), putative somatic variants were identified
for the HC and KC of each antibody. All three NAbs exhibited reasonable lineage size, indi-
cated by the distribution of CDR3-defined somatic variants on the 2D plots, whereas non-
NAbs showed either no somatic variants or a highly expanded population, suggesting that
they either were nonspecific Env binders or were induced by Env vaccination but failed to
achieve any neutralizing activity during maturation.

Last, we examined whether these potent autologous NAbs target the previously identi-
fied glycan holes. We created a set of BG505.T332N Envs that had Q130N, D230N/K232T,
S241N, P291T, and T465N mutations (55, 58). Neutralization by three rabbit NAbs was tested
in the TZM-bl assay against these BG505.T332N mutants, except for D230N/K232T, which
was not included because of the low yield of pseudoparticles (Fig. 3E). Among the four gly-
can hole mutations, Q130N did not affect HIV-1 neutralization by any of the three rabbit
NAbs. In contrast, S241N and P291T completely abrogated neutralization by RB35-1B11 and
RB63-1E7 but not for the more potent RB63-4B5, whereas T465N significantly reduced the
potency of RB63-4B5 (IC;, > 5.0 wg/ml), confirming that these three NAbs targeted glycan

FIG 3 Legend (Continued)

single B-cell sorting coupled with antibody cloning. (B) Neutralization (measured by ID,, values) of week 30 plasma from two rabbit groups against autologous
tier 2 clade A BG505.T332N, tier 1 clade B SF162, and a 12-virus global panel, with MLV included as a negative control. Color coding indicates neutralization
potency (red, potent; green, neutralizing but not potent; no color, nonneutralizing). (C) (Left) ELISA binding of rabbit NAbs to the BG505 UF0.664 trimer and
BG505 gp120-FR NP probe with EC,, values labeled next to the ELISA curves. (Right) Percent neutralization of rabbit NAbs against autologous tier 2 clade A
BG505.TN332N and heterologous tier 1 clade B SF162 pseudoviruses with IC, values labeled next to the neutralization curves. Antibodies were diluted to 10 ug/
ml and subjected to a 3-fold serial dilution in the TZM-bl assay. (D) Divergence-identity analysis of rabbit MAbs in the context of Env-specific rabbit B-cell
repertoires from rabbits RB35 and RB63. Heavy and k-light chain (HC and KC) sequences are plotted as a function of sequence identity to the template and
sequence divergence from putative germ line genes. Color coding denotes sequence density. Templates and sequences identified based on the CDR3 identity
cutoffs of 95% and 90% are shown as pink and light pink dots, respectively, on the plots with the number of sequences labeled accordingly. (E) Percent
neutralization of rabbit NAbs against four BG505 pseudoviruses containing glycan hole mutations with IC,, values labeled next to the neutralization curves. NAbs
RB35-1B11 (red), RB63-1E7 (green), and RB63-4B5 (blue) are shown in panels C and E. (F) Percent neutralization of rabbit plasma against BG505.T332N and its
three glycan hole mutants. Color coding in the table indicates the percent reduction relative to the percent neutralization for BG505.T332N (<25%, green; 25 to
50%, yellow; 50 to 75%, orange; >75%, red).
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holes at positions 241/289 and 465 that were reported in previous rabbit studies (55, 58).
We then performed TZM-bl assays to investigate the prevalence of these glycan hole NAbs
in the total polyclonal NAb response. Plasma neutralization against the four BG505.T332N
mutants demonstrated that filling glycan holes could partially deplete neutralizing activity
(Fig. 3F and Fig. S6E). Notably, the trimer group exhibited a more visible reduction when gly-
can holes at 241/289 were filled, suggesting that the trimer-induced autologous NAb
response mainly targeted these two specific sites. Multivalent display on the FR 24-mer was
able to expand this autologous NAb response to other sites on BG505 Env, consistent with
recent findings that autologous rabbit NAbs could recognize various epitopes beyond gly-
can holes (57, 59). However, the FR-based immunogen failed to generate a detectable NAb
response to the majority of tier 2 isolates in the global panel.

By combining single-cell NAb isolation with functional evaluation and repertoire NGS,
we found that a gp41-stabilized BG505 trimer and its FR NP elicited potent autologous tier
2 NAbs, most of which targeted previously identified glycan holes. Remaining unclear,
however, is whether the E2p and 13-01 60-mers (37, 41), which are 23 to 25 nm in diameter,
can broaden the Env-induced NAb response more effectively than the FR 24-mer, which is
only ~12 nm. The EM-based epitope mapping method (61) may be used in future studies
to identify other sites on HIV-1 Env that are recognized by trimer and NP-induced polyclo-
nal antibody responses in rabbit immunization.

Characterization of tier 2 clade A and clade C T/F Envimmunogens in vitro and
in vivo. BG505 trimers, regardless of the design and display platforms, mostly induced
glycan hole NAbs in rabbits (55). Therefore, other HIV-1 Envs that are able to elicit a
broader NAb response during immunization need to be identified. Clade C viruses are im-
portant because they are responsible for approximately half of global infections (87). NFL
trimers have been designed and structurally characterized for a tier 2 clade C T/F strain,
16055 (31). In rabbits, the 16055 NFL trimers that were arrayed on liposome NPs elicited a
moderate autologous NAb response with V2 specificity (42) and generated a bNAb response
to the CD4bs when immunized with a heterologous regimen (30). We previously reported
gp41-stabilized trimers for clade A Q842.d12 and clade C Du172.17, both of which are tier 2
T/F strains (19, 37). In the present study, we assessed the vaccine potential of these two T/F
Envs compared with previously characterized BG505 and 16055 Envs.

We first sought to determine atomic structures for these two Envs. Well-ordered
crystals were obtained only for one Du172.17 Env construct, which is cleaved and contains
a redesigned HR1, bend (HR1-#4) (19). This construct, termed Du172.17 gp140.664.R4, was
expressed in HEK293S cells and purified on a 2G12 affinity column (14) before adding Fabs
PGT124 and 35022 to aid crystallization. The Fab-bound Du172.17 Env trimer complex
crystallized at 20°C, and its structure was determined at 3.40-A resolution in a hexagonal
(P65) crystal lattice (Fig. 4A). The HR1 region in this construct was designed specifically to
stabilize the prefusion Du172.17 Env (19) and thus is different from the HR1 region that
was designed for BG505 Env (Fig. 4B). Little difference was observed in the overall Env
structure (Ca root mean square deviation [RMSD] =0.6 A) between BG505 gp140.664.R1
and Du172.17 gp140.664.R4 except in the 8-aa HR1, segment (Fig. 4C). To further evaluate
the difference in overall Env conformation and the redesigned HR1,, we superimposed
the Du172.172 protomer onto crystal structures that were previously determined for clade
A, B, and C Envs (Fig. 4C). As expected, Du172.17 gp140.664.R4 adopted a protomer struc-
ture similar to BG505 SOSIP.664 (79), B41 SOSIP.664 (88), and 16055 NFL.664 (31) with a Ca
RMSD of 0.6A. Nevertheless, a large conformational change in HR1, was observed
between Du172.17 and BG505. Comparisons with the other Envs with their native-like full-
length HR1 were not possible because of disorder in the HR1 helical region in their crystal
structures. We also superimposed the Du172.17 gp140.664.R4 protomer onto crystal and
cryo-EM structures of several clade C Envs (PDB ID: 5UM8 [31]; PDB ID: 6P65 [30]; PDB ID:
6MYY [89]; PDB ID: 6UM6 [90]). Although the sequence identity among these clade C Envs
is 76 to 78%, they share high structural similarity with Ca RMSDs of 0.7 to 1.3 A (Fig. S7).
Altogether, the low Ca RMSD values observed for SOSIP, NFL, and HR1-redesigned trimers
suggest that the HR1 modification has no adverse impact on the overall architecture and
compactness of this clade C Env.
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Neutralizing Antibodies to HIV-1 Trimers and Particles mBio®

A

Tier 2 clade C T/F Env spike

LSGIVQQQSNLLRAPEAQQHLLKLTVW BG505 SOSIP.664

M)

HR1 redesign 1 (R1)

(NEDIPGPK]

HR1 redesign 4 (R4)

Week 30 rabbit pl neutralization against 16 viruses (IDso, fold of dilution)
Group # Ral:;b't MLV SF162 | BG505 | Q842 | Du172 | TRO11 | 25710 | 398F1 | CNE8 | X2278 g‘ggg X1632 | CE1176 | 246F3 | CH119 [ CE0217 | CNE55
Control B A AF C B C A CRF01_AE B CRF07_BC G C AC rceomb|CRF07_BC C CRF01_AE
#1: 50 | <40.00 | 475.60 | 68.36 N/a 595.40 | 64.55 88.49 | 381.00 | 110.30 | 86.46 54.68 52.65 64.67 92.05 54.48 58.63

Du172.17 | 51 <40.00 | 454.80 | <40.00 N/a__ | <100.00 | <40.00 | <40.00 | 62.83 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00
UFO-BG 52 | <40.00 | 471.90 | <40.00 N/a__ | <100.00 | <40.00 | <40.00 | 95.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00
trimer 53 | <40.00 | 349.80 | <40.00 N/a__[<100.00 | <40.00 [ <40.00 | 109.30 | <40.00 [ 4 | | <40.00 | <40.00 [ <40.00 | <40.00 | <40.00 [ <40.00 | <40.00
#2: 66 | <40.00 | 132.70 | <40.00 N/a__|<100.00 | <40.00 [ 56.13 | 181.20 | <40.00 <40.00 | <40.00 | <40.00 [ <40.00 | <40.00 | <40.00 | <40.00
Du172.17 | 67 | <40.00 |<100.00| <40.00 N/a_ |<100.00 | <40.00 | 46.14 | 151.10 | 55.20 <40.00 | <40.00 | <40.00 E <40.00 | <40.00 | 46.97
gp140.664.R| 68 | <40.00 | 142.00 | <40.00 N/a__ | <100.00 | <40.00 | <40.00 | 71.93 | <40.00 <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00

4-FR 69 | <40.00 | 161.80 [ <40.00 | N/a_[<100.00 [ <40.00 | 57.01 [ 95.81 | <40.00 <40.00 | <40.00 | <40.00 [ <40.00 | <40.00 | <40.00 [ <40.00
#3: 46 <40.00 | 1074.00 | 52.05 | <100.00 N/a <40.00 | <40.00 | 65.48 48.11 <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00
Q842-d12 47 <40.00 | 344.40 | <40.00 | <100.00 N/a <40.00 | <40.00 | <40.00 | <40.00 <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00
UFO-BG 48 <40.00 | 1156.00 | <40.00 | <100.00 N/a <40.00 | <40.00 | <40.00 | <40.00 <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00 | <40.00
trimer 49 | <40.00 <40.00 [<100.00] N/a | <40.00 [ <40.00 | <40.00 [ <40.00 <40.00 | <40.00 | <40.00 [ <40.00 | <40.00 | <40.00 [ <40.00
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FIG 4 Structure of clade C Du172.17 Env and evaluation of three Env immunogens in rabbits. (A) Crystal structure of closed prefusion structure of
Du172.17 gp140.664.R4 Env trimer, which is uncleaved and contains a computationally redesigned HR1 (HR1-#4 [19]). Top view of the D